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Human CHAC1 Protein Degrades Glutathione, and mRNA
Induction Is Regulated by the Transcription Factors ATF4 and
ATF3 and a Bipartite ATF/CRE Regulatory Element”
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(Background: CHACI is associated with the stress response in atherosclerosis.
Results: ATF4, ATF3, and CEBPB regulate CHACI transcription. Human CHACI1 protein overexpression depletes

Conclusion: CHACI is induced following multiple cell stress signals and leads to depletion of glutathione.
Significance: CHACI may be an essential link between stress signaling and the oxidative status of the cell, contributing to

N
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Using an unbiased systems genetics approach, we previously
predicted a role for CHAC1 in the endoplasmic reticulum stress
pathway, linked functionally to activating transcription factor 4
(ATF4) following treatment with oxidized phospholipids, a
model for atherosclerosis. Mouse and yeast CHAC1 homologs
have been shown to degrade glutathione in yeast and a cell-free
system. In this report, we further defined the ATF4-CHACI
interaction by cloning the human CHACI promoter upstream of
a luciferase reporter system for in vitro assays in HEK293 and
U20S cells. Mutation and deletion analyses defined two major
cis DNA elements necessary and sufficient for CHACI promot-
er-driven luciferase transcription under conditions of ER stress
or ATF4 coexpression: the —267 ATF/cAMP response element
(CRE) site and a novel —248 ATF/CRE modifier (ACM) element.
We also examined the ability of the CHAC1 ATF/CRE and ACM
sequences to bind ATF4 and ATF3 using immunoblot-EMSA
and confirmed ATF4, ATF3, and CCAAT/enhancer-binding
protein 3 binding at the human CHACI promoter in the prox-
imity of the ATF/CRE and ACM using ChIP. To further validate
the function of CHAC1 in a human cell model, we measured
glutathione levels in HEK293 cells with enhanced CHAC1
expression. Overexpression of CHAC1 led to a robust depletion
of glutathione, which was alleviated in a CHACI catalytic
mutant. These results suggest an important role for CHAC1 in
oxidative stress and apoptosis with implications for human
health and disease.
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The endoplasmic reticulum (ER)® is a cellular organelle
involved in protein maturation, intracellular trafficking, and
calcium storage. Perturbation of normal ER function leads to
the buildup of unfolded proteins and the activation of an adapt-
ive signaling program, collectively known as the ER stress path-
way, or unfolded protein response (1). The ER stress pathway is
initiated by activation of three sensors, ATF6, ERN1 (IRE1), and
EIF2AK3 (pancreatic EIF2« kinase) (1, 2), that induce protec-
tive events to restore ER function or apoptosis when the initi-
ating stimulus cannot be resolved (1-3).

ATF4 maturation is an early event in the ER stress pathway
that requires pancreatic EIF2« kinase phosphorylation of the
eukaryotic initiation factor EIF2S1 (EIF2«) (4). A widening
body of literature supports a role for ATF4 as a stress-induced
gene with important roles in disease. Atf4 is implicated in the
development of diabetes (5, 6), accompanies atherosclerosis (7,
8), and plays a critical role in early osteoblast development (5, 9,
10).

ATF4 activity is also regulated by CCAAT/enhancer-binding
protein B (CEBP), a basic leucine zipper transcription factor
that is responsive to ER stress (11). Three isoforms of CEBPJ3
have been identified: liver-activating protein (LAP, 35 kDa),
LAP* (38 kDa), and liver inhibitory protein (LIP, 20 kDa) (12).
Generally, during ER stress, LAP helps ATF4 regulate the pro-
survival response. However, increases in the concentration of
LIP following prolonged ER stress lead to apoptotic signaling
(13).

3 The abbreviations used are: ER, endoplasmic reticulum; CEBP, CCAAT/en-
hancer-binding protein; LAP, liver-enriched activator protein; LIP, liver-en-
riched inhibitory protein; ATF, activating transcription factor; CRE, CAMP
response element; ACM, activating transcription factor/cAMP response
element modifier; CARE, CCAAT enhancer binding protein-activating tran-
scription factor response element; IM, immunoblot; ASNS, asparagine syn-
thetase; MAFF, V-MAF avian musculoponeurotic fibrosarcoma oncogene
family, protein F; CHOP, C/EBP homology protein; Th, thapsigargin; Tm,
tunicamycin; HisOH, histidinol.
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CHACI is a proapoptotic ER stress protein downstream of
the pancreatic EIF2a kinase-ATF4 pathway (14) that appears to
be important for human physiology and disease. Chacl has
y-glutamyl cyclotransferase activity toward glutathione in yeast
and cell-free models (15, 16). Because glutathione is the major
intracellular antioxidant (17), CHAC1 may have an important
role in the oxidative balance of the cell. Additionally, Chac1 has
y-glutamyl cyclotransferase activity toward Notch during
development, thereby regulating neurogenesis (18, 19). These
studies have also identified Glu-116 as the catalytic residue in
mice (Glu-115 in humans).

We previously identified a particularly close relationship
between CHACI and ATF4 within the ER stress pathway using
a dynamic systems genetic approach in a population of human
aortic endothelial cell cultures treated with oxidized 1-palmi-
toyl-2-arachidonyl-sn-3-glycero-phosphorylcholine (20). We
have also shown that human CHACI is a target for ATF4 using
genetic perturbations in vitro (14).

This work expands both the regulation and function of
CHACI1 in a human cell model. Here a direct relationship
between ATF4 and important regulatory elements within the
CHACI promoter is identified. Luciferase assays reveal a criti-
cal role for a —267 activating transcription factor/cAMP
response element (ATF/CRE) in conjunction with a novel —248
element, dubbed ATF/CRE modifier (ACM). Surprisingly, a
conserved —209 CEBP-ATF response element (CARE) plays a
minor role in the regulation of human CHACI transcription.
Luciferase assays, ChIP, and immunoblot (IM)-EMSA reveal
important regulatory activities for ATF4, ATF3, and CEBPS at
the CHACI promoter.

Furthermore, this work illustrates the y-glutamyl cyclotrans-
ferase activity of CHAC1 toward glutathione via a conserved
catalytic mechanism in human cells that has not been demon-
strated previously in human cells. Overexpression of CHAC1
led to a dramatic reduction in cellular glutathione, whereas
mutation of the catalytic site (E115Q) abrogated this activity.
These data indicate that CHACI regulates the oxidative bal-
ance in the cell through depletion of glutathione.

Materials and Methods

Cell Culture—HEK293 cells were cultured as described pre-
viously (14). HEK293 cells were transfected with plasmid DNAs
using Lipofectamine 2000 (Invitrogen) according to the proto-
cols of the manufacturer. U20S cells were maintained in
McCoy’s 5A medium supplemented with 10% fetal bovine
serum. U20S cells were transfected with plasmid DNA using
Superfect (Qiagen). Complete medium was changed to treat-
ment media (complete medium plus drug) 24 h after transfec-
tion. ER stress was induced using tunicamycin (1 pg/ml, 24 h)
and thapsigargin (0.3 um, 24 h or 3 uM, 4 h). Amino acid star-
vation was induced using histidinol (2 mm, 24 h), which was
freshly prepared on the day of use.

Promoter Constructs—A fragment from bacterial artificial
chromosome clone G248P8704A5 (Children’s Hospital Oak-
land Research Institute /Bacpac Resource Center; Oakland,
CA) was digested with Nhel and cloned upstream of a promot-
erless luciferase reporter gene into pGL3-basic (Promega). PCR
with the following primers was used to remove translated
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sequences downstream and including the proposed ATG, fol-
lowed by digestion with Xhol and Spel to generate the final
6.9-kb promoter construct as follows: forward, CTCAGGC-
CTCTGGGAAGGTT; reverse, TCTAGAAGCTTCTCGAG-
GTGCCTGGCACAGG ATAGGC. A shorter 2.6-kb promoter
construct was generated using limiting internal Sacl digestion
and religation. All constructs were sequenced to verify that
errors were not introduced by PCR.

Expression Plasmids and Antibodies—The expression plas-
mid for CHAC1-GFP has been described previously (14). An
active site mutation in CHAC1 was created using site-directed
mutagenesis to change a glutamate to a glutamine (GAG to
CAG). Expression plasmids for CEBPS and the splice isoforms
CEBPB-LIP only and CEBPB-LAP only were a gift from Dr.
Maria Hatzoglou (13). The ASNS luciferase plasmid has been
described previously (21). The ATF4 plasmid was a gift from
Dr. Pierre Fafournoux (22). This plasmid does not contain the
upstream ORFs and is constitutively active. Plasmid DNAs con-
tained in eukaryotic expression vectors were obtained from
Open Biosystems: MAFF (clone ID 3922552), TRIB3 (clone ID
5104452), CREB1 (clone ID 3872792), and CCAAT/enhancer-
binding protein y (CEBPG) (clone ID 3445301). DDIT3 (clone
ID 3530545) and ATF2 (clone ID 240146368) plasmids were
also obtained from Open Biosystems and cloned into the
eukaryotic expression vector pcDNA3.1. The NRF2 plasmid
was obtained from Addgene (plasmid 21459) and has been
described previously (23).

The antibodies used in this study were purchased from Santa
Cruz Biotechnology: ATF4 (catalog no. sc-200X), CHOP (cat-
alog no. sc-575X), ATF3 (catalog no. sc-188X), CEBPf3 (catalog
no. sc-150X), MAFF (catalog no. sc-22831X), and CREB1 (cat-
alog no. sc-186). TRIB3 (catalog no. TA303408) and CEBPG
(catalog no. TA590102) antibodies were purchased from Ori-
Gene. CREBI (catalog no. 9197) and anti-rabbit (catalog no.
7074S) antibodies were purchased from Cell Signaling
Technology.

Luciferase Assay—HEK293 cells seeded in 24-well dishes
were cotransfected with 0.3 ug of promoter construct and
1/20X transfected CMV-Renilla-expressing plasmid pRLTK
(Promega). U20S cells were seeded in 24-well dishes and
cotransfected with 0.75 ug of promoter construct and 1/10X
CMV-Renilla plasmid. The Dual-Luciferase kit (Promega) was
used to measure luciferase and Renilla luminescence according
to the protocol of the manufacturer protocol with a LB941
TriStar luminometer (Berthold). Firefly luciferase data were
normalized to the cotransfected CMV-Renilla luminescence
(luciferase/Renilla). Normalized luciferase values are expressed
relative to untreated cells of the longest promoter, set equal to
one. Each experiment was performed at least twice, with three
biological samples per treatment.

IM-EMSA—HEK293 cells were grown in 100-mm dishes and
harvested in 1 ml of lysis buffer (10 mm Hepes (pH 8), 1.5 mm
MgCl,, 10 mm KCl, 1 mm DTT, 1% Igepal-CA630, and protease
inhibitors (Sigma, catalog no. P8340)). Nuclei were pelleted,
and the nuclear extracts were collected using 20 mm Hepes (pH
8), 1.5 mm MgCl,, 25% glycerol, 420 mm NaCl, 0.4 mm EDTA, 1
mM DTT, and protease inhibitors. Nuclear extracts were incu-
bated at 4 °C for 30 min in binding buffer (20 mm Hepes (pH 8),
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50 mm KCl, 0.1 mM EDTA, 1 mm MgCl,, 0.1 mg/ml poly-dIdC,
and 0.1% Nonidet P-40) with selected unlabeled oligonucleo-
tides. Then the samples were resolved on 6% DNA retardation
gels (Invitrogen, catalog no. EC6365) in 0.5X Tris borate-
EDTA running buffer (Invitrogen) and transferred to a Hybond
N+ membrane (GE Life Sciences, catalog no. RPM203B) in
0.5X Tris borate-EDTA buffer at 4 °C. Next the membranes
were dried, UV-cross-linked, and blocked for 30 min in 5%
milk/1X TBS-T (Tris-buffered saline and Tween 20). The blots
were incubated in blocking buffer containing the indicated
antibodies for 1 h, washed three times in TBS-T, and then incu-
bated with secondary antibody diluted in blocking buffer. The
blots were washed and developed using ECL-prime and ECL-
film (GE Life Sciences).

Immunoblotting—Immunoblots were performed as described
previously (14) with the following modifications. 5% skim milk/
TBS-T was used for blocking, and primary antibodies were incu-
bated overnight at 4 °C with shaking.

ChIP—CHhIP assays were performed as described previously
(24) with the following minor modifications. HEK293 cells were
seeded in 100-mm dishes with DMEM supplemented with 10%
FBS and 1% penicillin-streptomycin and grown to 90% conflu-
ence at 37 °C. ER stress was induced by 3 um thapsigargin treat-
ment for 4 h. After treatment, the cells were pelleted and resus-
pended in 1 ml of PBS containing protease inhibitors (Sigma).
Formaldehyde was added (1% final concentration) to cross-link
chromatin and quenched 10 min later by the addition of glycine
(0.125 ™m final concentration). Cross-linked chromatin was
sheared for 10 bursts of 20 s/sample, spaced by 4-min cooling in
an ice-ethanol bath. Extracts were incubated with 2—5 ug/ml
ATF4 antibody or 2 ug/ml ATF3 or CEBP antibody overnight
at 4 °C with shaking. Chromatin-antibody complexes were cap-
tured by incubation with protein A-agarose beads (Millipore,
catalog no. 16-157). The DNA fragments were released by incu-
bation with NaCl (0.2 M final concentration) overnight at 65 °C.
The fractions were treated with Proteinase K (0.1 mg/ml final
concentration), and the DNA was purified using a QIAquick
PCR purification kit (Qiagen). Two or more independent ChIP
experiments were performed, and at least four independent
samples were analyzed for each treatment. No antibody sam-
ples were used as negative controls and showed little or no
binding. Validation of the ChIP was performed with primers
specific to JMJD3, shown previously to contain ATF4 and ATF3
(R1) enrichment or no enrichment (R5) (25). Only samples with
>2-fold enrichment at R1 compared with R5 passed the
validation.

Real-time PCR Analysis—DNA enrichment was determined
using quantitative real-time PCR with a LightCycler 480 II
machine and LightCycler 480 SYBR Green I Master Mix
(Roche) using the following primers: —3 kb forward, GCCAG-
GAGCAAGATCAGGTT; —3 kb reverse, CTCCCACCCT-
GACCAAAGTC; —1 kb forward, CACTTCCCGGACTA-
CAACCC; —1 kb reverse, TGAGCACCTCCTTTGTTGGT; 0
kb forward, TGGAGCTGAACCAATCAGCG; 0 kb reverse,
GTGGGGCAAATCCCCTTTTG; +1 kb forward, CCAC-
CTTCCCCTGCATGAAT; +1 kb reverse, TTATCAATC-
CCGCTGACCCG; +3 kb forward, GTCTCCAAGAGCCTC-
GATCC; and +3 kb reverse, AGGTGGAATTCCCAGGGCTA.
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Cycle conditions were as follows: 95 °C for 5 min, followed by 50
cycles of 95 °C for 10's, 60 °C for 10 s, and 72 °C for 10 s. All data
used were within the linear range of detection as determined using
the pooled standard curve method. Relative enrichments are
reported as the amount of immunoprecipitated DNA (bound frac-
tion) divided by the input DNA (input fraction, 10% of total DNA)
and expressed as the bound/input ratio.

Glutathione Assay—After treatment, cells were rinsed with
1X PBS and lysed in 50 ul of 10 uM diethylenetriamine penta-
acetate, 0.1% Triton X-100, and 1X PBS. Glutathione was mea-
sured using the Tietze recycling assay (26) as described previ-
ously. Glutathione concentrations were normalized to total
protein concentration as measured by protein assay (Bio-Rad)
according to the protocol of the manufacturer.

Statistical Analysis—All reported values are mean * S.E.M.
Two-way analysis of variance with Bonferroni post test was
used unless noted otherwise. Significance was accepted when
p < 0.05.

Results

Bioinformatic Analysis of the Human CHAC1 Promoter Iden-
tifies the ATF/CRE, ACM, and CARE Sites—The online bioin-
formatic tool TFSEARCH was used to analyze the putative pro-
moter sequence upstream of the human CHACI gene for
transcription factor binding predictions on the basis of known
DNA binding consensus sequences. A highly conserved ATF/
CRE consensus sequence at —267 was identified (CTGACG-
CAAT) along with a —209 CARE sequence (GTTGCATCAC)
on the negative strand, which is consistent with the mouse Atf4
consensus sequence as determined by ChIP sequencing (27)
(Fig. 1A). In addition, a highly conserved element at —248
(CCTTGCTGCA) was identified that did not fit a known tran-
scription factor binding site consensus sequence. We termed
the element at —248 the ACM. Also noted were two CCAAT
elements, one on the positive strand at —107 and one on the
negative strand at —167, and basal —80 CCAAT and —23
TATA boxes. All identified transcription binding factor
sequences were highly conserved from Xenopus tropicalis to
Homo sapiens, suggesting that the transcriptional regulation of
CHACI has been tightly constrained (Fig. 1A).

We noted a discrepancy in the annotation of the translation
start on the basis of information from the GENECODE v19
dataset. The ATG codon in the context “MGGAQL... " is
listed on the University of California Santa Cruz (UCSC) data-
base as the start codon of the human CHAC1 gene. Although
the CHACI1 protein sequence is highly conserved in verte-
brates, the first ATG (MGGAQL. .. ) is not present in murine,
canine, elephant, or chicken homologs. Conversely, a down-
stream, in-frame ATG-codon in the context “MKQESA” is well
conserved in these species and is annotated as the start codon
for these species in the UCSC database, suggesting that this
downstream ATG represents the start codon of human CHAC1
as well. An explanation for the annotation of MGGAQL as the
translation start for the CHAC1 gene is its presence in-frame
with the conserved CHACI1 sequence.

To determine the correct codon for translation, the CHAC1
promoter was cloned upstream of a promoterlessluciferase con-
struct with (+ATG) and without (—ATG) the proposed ATG
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FIGURE 1. Bioinformatic identification of CHACT promoter elements and the translation start site. A, using an online bioinformatics tool, the CHAC1
promoter sequence was probed for known transcription factor binding motifs. Those discovered are highlighted by boxes and overlaid onto the multiZ
alignment of this locus available from the UCSC genome browser. CCAAT (R) refers to a CCAAT box found on the reverse strand. B, luciferase constructs
containing 2.6 kb upstream of the CHACT transcriptional start and 133 bp of the 5’'UTR (including the annotated translation start site) with (+ATG) or without
(—ATG) the proposed CHAC1 start codon were cotransfected with 1/20X CMV-Renilla. Raw luciferase values were normalized to raw Renilla values (Student’s

ttest; #, p < 0.001).

(MKQESA). Both constructs contained the upstream, in-frame
ATG (MGGAQL) currently annotated as translation start.
These constructs were used for the promoter reporter assay
scoring firefly luciferase activity normalized to a cotransfected
plasmid containing CMV-driven Renilla in human HEK293
cells. When the proposed ATG was present (+ATG), minimal
luciferase activity was observed (Fig. 1B) because the presence
of ATG leads to a frameshift in luciferase, disrupting transla-
tion. However, removing the proposed ATG (—ATG) led to
robust luciferase activity (Fig. 1B) as luciferase begins in-frame.
These data demonstrate that the proposed ATG (MKQESA)
directs the start of translation.

The ATF/CRE and ACM Direct CHACI1 Transcription—To
define elements necessary for basal and stress-induced tran-
scription of CHAC1 mRNA, a 2.6-kb region upstream of the
transcription start site and the 5"UTR (133 bp) from the human
CHACI gene, excluding the ATG defined as translation start in
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Fig. 1B, was cloned upstream of a promoterless firefly luciferase
reporter construct (—2600/+133, Fig. 2). This construct and its
derivatives were used for promoter reporter assays scoring fire-
fly luciferase activity normalized to a cotransfected plasmid
containing CMV-driven Renilla in human HEK293 cells. We
assayed basal promoter activity and activity following ER
stress induced by tunicamycin or thapsigargin (1). Basal
transcription of human CHACI was primarily defined by a
region between —267 to +133 relative to transcription start
(Fig. 2) because further deletion of the upstream region of
human CHACI1 resulted in minimal induction under basal as
well as ER stress conditions. A 4.5-fold induction of activity
after tunicamycin treatment and a 7- to 10-fold induction of
activity after thapsigargin treatment were observed when
this region was present. Interestingly, 2.5-fold promoter
induction was also seen using the amino acid starvation
stimulus histidinol, suggesting that CHACI is induced by a
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HEK293

[ HisOH (2mM)
Th (0.3uM)
Il Tm (1ug/ml)
] Control

-73/+133 1

-110/+133

-170/+133 §°

0 5 10 15
Luciferase activity (normalized)

FIGURE 2. Robust ER stress induction of the human CHAC7 promoter requires the ATF/CRE in HEK293 cells. The sequence containing 2.6 kb upstream of
the CHACT transcriptional start and 133 bp of the 5'UTR without the CHACT ATG start codon was cloned upstream of a luciferase reporter gene. Each construct
was cotransfected with 1/20X CMV-Renilla. Raw luciferase values were normalized to raw Renilla values and then to —2600/+ 133 treated with control media,
which was set equal to one. The locations of predicted regulatory sites are shown with open boxes. Treatments were thapsigargin (Th), tunicamycin (Tm), and

histidinol (HisOH) for 24 h. *, p < 0.05; #, p < 0.001.

broad range of stimuli as part of the integrated stress
response rather than just ER stress.

Because the ER stress transcription factor ATF4 plays a role
in bone formation (10), we examined the regulation of the
CHAC]1 promoter in the human osteosarcoma cell line U20S.
(Fig. 3). Thapsigargin treatment led to a 20-fold increase in
activity, tunicamycin treatment led to a 5-fold increase in activ-
ity, and histidinol treatment led to a 10-fold increase in activity.
These data reveal a more robust response of the CHACI pro-
moter to histidinol in U20S cells compared with HEK293, sug-
gesting a role for CHAC1 as an ATF4 target gene functioning in
the osteoblast, promoting osteoblast differentiation and
function.

Notably, deletion of the ATF/CRE site led to a significant
(~90%) decrease in luciferase activity and abrogation of the ER
stress response, indicating that the ATF/CRE site is the major
site of CHACI transcriptional regulation in both HEK293 and
U20S cells (—253/+133, Figs. 2 and 3). These data highlight a
critical role for the ATF/CRE site in the regulation of human
CHACI transcription. This result was surprising because the
CARE site in the mouse Chacl promoter regulates the response
to 24-h tunicamycin treatment and ATF4 coexpression (28).
Additionally, the CARE site matches the ATF4 DNA binding
motif (27), regulates many other ATF4-responsive genes (29),
and is highly conserved. Therefore, we further explored the
relative contributions of the ATF/CRE, ACM, and CARE sites
to CHACI promoter-directed transcriptional activity.

To investigate the independent contributions of the pro-
posed regulatory sites to CHACI promoter-directed transcrip-
tional activity, the ATF/CRE, ACM, and CARE sequences were
mutated by directed mutagenesis to scramble the entire site or
create stepwise, two-nucleotide mutations (Fig. 4). Mutants
were made using a cloning site that was added to the —267/
+133 plasmid, which did not change basal or induced activity
(data not shown). Scrambled mutations and two-nucleotide
mutations in the ATF/CRE site reduced basal activity by
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70-75% in HEK cells (Fig. 44) and 90% in U20S cells (Fig. 5A).
In HEK cells, the induction of CHACI in response to tunicamy-
cin treatment was abolished in all mutants (Fig. 44). Thapsi-
gargin treatment still led to induced transcriptional activity
from the CHACI promoter, although this was much lower
compared with the wild-type promoter (Fig. 4A4). In U20S cells,
the response to either tunicamycin or thapsigargin treatment
was abolished following scrambled or stepwise mutations (Fig.
5A). These data confirm that the ATF/CRE site plays a major
role in the regulation of CHACI transcription and suggest that
small contributions from other sites can direct ER stress-in-
duced transcriptional activity if the ATEF/CRE site is
unavailable.

In HEK293 cells, scrambling the ACM element led to a 60%
decrease in basal activity and similar decreases following treat-
ment with ER stress agonists (Fig. 4B). Double nucleotide muta-
tions in the second half of this element (ACM mut2 and ACM
mut3) led to 50% reductions in activity, whereas the ACM mutl
maintained induction similar to the wild type (Fig. 4B). ACM
mut2 appeared to be slightly induced by tunicamycin, although
this change was not statistically significant. However, the
response to thapsigargin remained in the ACM mutants. In
U20S cells, scrambling or stepwise mutations in the ACM
abolished the response of the promoter to tunicamycin. The
response to thapsigargin remained in every mutant, although
the activity was decreased in the scrambled mutant and ACM
mut2 (Fig. 5B). These data suggest that the middle of the ACM
contains the core sequence for transcription factor binding
because ACM mut2 induction was most disrupted and define a
corollary role for the ACM element in the regulation of the
human CHACI promoter.

Interestingly, scrambling or stepwise mutations of the CARE
site of the human CHACI promoter resulted in little change in
activity (~15%) compared with the wild type in HEK293 cells
(Fig.4C). In U20S cells, there is a loss of tunicamycin induction
when the CARE site is mutated, although this is likely because
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FIGURE 3. Robust ER stress induction of the human CHAC7 promoter requires the ATF/CRE in U20S cells. Each construct was cotransfected with 1/20X
CMV-Renilla. Raw luciferase values were normalized to raw Renilla values and then to —2600/+ 133 treated with control media, which was set equal to one. The
locations of predicted regulatory sites are shown with open boxes. Treatments were Th, Tm, and HisOH for 24 h. *, p < 0.05; #, p < 0.001.

of the relatively low induction in these cells compared with
the robust response in HEK293 cells (Fig. 5C). These data
provide further support for the hypothesis that the CARE is
not critical for transcriptional activity of the human CHACI
promoter for basal transcription or ER stress induction and
highlight differences in CHACI promoter regulation in the
human and mouse.

Because the ATF/CRE and ACM elements appear to direct
human CHACI transcriptional activity, we explored the ability
of these elements to drive transcription in the absence of other
promoter sequences by creating internal deletions within the
promoter constructs. Following deletion of all elements except
the ATF/CRE, ACM, and TATA box, 50% activity from the
luciferase reporter was observed in both HEK293 and U20S
cells (Del —234/—73; Fig. 6, A and B). These data further sup-
port a central role for the ATF/CRE and ACM sites in directing
transcription of the human CHACI promoter, whereas the
CARE site and other intervening sequences have minor roles.

ATF4 and CEBPB Increase CHACI Promoter Activity—To
investigate which transcription factors direct CHACI pro-
moter activity, expression plasmids containing several tran-
scription factors were cotransfected with luciferase reporter
plasmids in HEK293 cells. The expression of each transcription
factor following transfection was verified by immunoblotting
(Fig. 7B) or GFP fluorescence (NRF2). ATF4 cotransfection led
to a 10-fold increase in luciferase activity from the CHACI pro-
moter, similar to previous reports (30). This increase in activity
was reduced after the ATF/CRE site was scrambled (Fig. 7A).
Slight decreases in luciferase activity were also observed after
mutation of the ACM or CARE sites. However, these were not
as dramatic as ATF/CRE mutation (Fig. 7A). These results sup-
port a role for ATF4 regulation of CHACI transcription at the
ATF/CRE site, with minor contributions from the ACM and
CARE site.

ATF4 activity is regulated by CEBPS, which encodes three
different transcription factors because of translation from mul-
tiple reading frames: LAP*, LAP, and LIP. Each isoform has
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differential downstream targets and effects. To define the
effects of these three forms, LAP only, LIP only, and full-length
plasmids were investigated. Full-length CEBPg led to a 7-fold
increase in transcriptional activity from the CHACI promoter
(Fig. 7A), which was decreased modestly by mutation in any of
the three regulatory sites defined previously (Fig. 7A). LAP
cotransfection increased transcriptional activity 2-fold in wild-
type promoters (Fig. 7A). This activity was lost following muta-
tion of any of the three sites (Fig. 7A). Finally, cotransfection
with LIP only did not change transcriptional activity from the
CHACI promoter (Fig. 7A). Together, these data demonstrate
that CEBP regulates CHAC1 expression. Furthermore, LAP*
is likely the major CEBPp isoform, and this effect is not medi-
ated by the ATF/CRE, ACM, or CARE. A minor increase in
transcription was also observed in NRF2 and CEBPG cotrans-
fections (Fig. 7A). This increase was abolished by mutation of
any of the three sites (Fig. 7A), suggesting that these transcrip-
tion factors may make minor contributions in the absence of
ATF4. No significant increases in CHACI promoter activity
were observed following transfections with other well charac-
terized transcription factors involved in ER stress signaling:
MAFF, TRIB3, or CREB1 (Fig. 7A).

The CHAC1-ATF4 relationship was predicted from a sys-
tems screen of an in vitro atherosclerosis model (30). The coex-
pression coefficient between CHAC1 and ATF4 was higher
than known ATF4 target genes, suggesting a more a robust
relationship. We investigated the sensitivity of the CHACI pro-
moter response to ATF4 concentration compared with other
well characterized ATF4 transcriptional targets, CHOP and
ASNS (31, 32), to determine whether the CHACI promoter is
more sensitive to ATF4 regulation. Promoter reporter con-
structs demonstrating full activity derived from CHACI,
CHOP, and ASNS were cotransfected with varying concentra-
tions of ATF4. Total DNA transfected was kept constant with a
GEP expression control plasmid. At the highest ATF4 concen-
tration tested (1X), the CHOP promoter was induced 4-fold,
the ASNS promoter was induced 5-fold, and the CHACI pro-
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A.

FIGURE 4. The ATF/CRE and ACM direct transcription of the human CHAC17 promoter in HEK293 cells. A-C, mutational analysis of the ATF/CRE (A), ACM (B),
and CARE (C). Each construct was cotransfected with 1/20X CMV-Renilla. Raw luciferase values were normalized to raw Renilla values and then to the wild-type
plasmid treated with control. Mutated residues are identified in boldface and underlined. Treatments were Th and Tm for 24 h. Scr, scrambled. *, p < 0.05; #, p <

0.001.
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FIGURE 5. The ATF/CRE and ACM direct transcription of the human CHAC1 promoter in HEK293 cells. A-C, mutational analysis of the ATF/CRE (A),
ACM (B), and CARE (C). Each construct was cotransfected with 1/20 X CMV-Renilla. Raw luciferase values were normalized to raw Renilla values and then
to the wild-type plasmid treated with control. Mutated residues are identified in boldface and underlined. Treatments were Th and Tm for 24 h. Scr,
scrambled. *, p < 0.05; #, p < 0.001.
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moter was induced 10-fold (Fig. 8). CHACI promoter induction
was also increased above CHOP and ASNS promoter induction
at 1/2X ATF4 concentration. These data suggest that the
CHACI promoter reporter constructs are more responsive to
ATF4 cotransfection compared with CHOP or ASNS luciferase
reporters.

ATF4 Binds to the ATF/CRE and ACM—To determine the
ability of ATF4 and CEBPS to bind the ATF/CRE and ACM
sequences in the human CHACI promoter, we developed the
novel IM-EMSA assay. Nuclear extracts were prepared from
control or thapsigargin-treated (3 um, 4 h) HEK293 cells. These
nuclear extracts were incubated in oligonucleotide binding
buffer with double-stranded oligonucleotides encompassing
the human CHACI ATF/CRE, ACM, or scrambled versions of
these sequences (Fig. 94). These binding reactions were sepa-
rated on a native gel and transferred to a positively charged
nylon membrane, where the mobility of several transcription
factors was quantified using Western detection with a specific
antibody.

15886 JOURNAL OF BIOLOGICAL CHEMISTRY

The use of IM-EMSA with antibodies directed to candidate
target genes is similar to traditional EMSAs. However, instead
of monitoring a change in mobility of labeled oligonucleotides,
IM-EMSA detects changes in protein mobility using specific
antibody detection. Notably, the mobility of free protein was
always very slow and migrated at the top of the blot, whereas, in
the presence of protein-oligonucleotide complexes, an increase
in mobility was observed. This pattern is consistent with the
native (non-denaturing) conditions of the assay where proteins
migrate on the basis of their net charge in Tris borate-EDTA
buffer (pH 8.3). Upon protein binding to DNA, there is a dra-
matic change in mass-charge, leading to an increased gel migra-
tion rate. The net charge of a 30-nucleotide oligonucleotide is
—60 compared with the net charge at pH 8.3 calculated for
human ATF4 (—23) or ATF3 (+1.1). This novel IM-EMSA
approach represents a new tool to rapidly assay protein-DNA
binding in vitro.

Consistent with previous data, an increase in ATF4 expres-
sion accompanied thapsigargin treatment (none, Fig. 9B).
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A, cotransfection of CHACT promoter reporter plasmids with expression
factors and 1/20X CMV-Renilla. Raw luciferase values were normalized to

.05; #, p < 0.001. Mutated sequences are shown with an X. scr, scrambled.

F2 expression was verified using GFP fluorescence prior to harvesting

When nuclear extracts were incubated in the presence of an
ATE/CRE oligonucleotide, a shift in the mobility of ATF4 was
observed, consistent with ATF4 binding to the ATF/CRE site
(A, Fig. 9B). A shift was not observed in the presence of a mutant
oligonucleotide of the same size (Mut A, Fig. 9B), suggesting
that sequence specificity is required for ATF4 binding at the
ATF/CRE site. Incubation with the ACM oligonucleotide also
generated a change in ATF4 mobility. However, the intensity of
this shifted band was lower, suggesting a weaker interaction.
Similarly, mutation of the ACM disrupted ATF4 binding to the
ACM, and shifted ATF4 was not observed. These data are con-
sistent with our data suggesting that the ATF/CRE is the major
regulatory site in the human CHACI promoter and that the
ACM plays a supporting role. Additionally, ATF4 binding to
oligonucleotides from previously defined ATF4 CARE sites
within the TRIB3 (33) and ATF5 (34) promoters were exam-
ined, and specific shifts consistent with binding were noted
(data not shown), supporting the use of IM-EMSA to detect
ATF4 binding.

To determine what other transcription factors may be bind-
ing to the ATF/CRE or ACM, ATF3 and CHOP antibodies were
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FIGURE 9. ATF4 binds to both the ATF/CRE and ACM sites, whereas ATF3
binds to the ACM. A, short oligonucleotide probes containing wild-type or
mutated ATF/CRE and ACM sequences were incubated with nuclear extract
cells treated with 3 um Th versus control for 4 h. B and C, proteins were sepa-
rated on a native gels to identify ATF4 (B) or ATF3 (C) to determine transcrip-
tion factor binding. Reactions without oligonucleotides (none) were included
to detect free transcription factors.

used to probe DNA-protein interactions using IM-EMSA. Both
ATF3 and CHOP are proteins downstream of ATF4 in the ER
stress pathway required for ER stress-induced transcription of
CHACI1 mRNA, as measured by quantitative RT-PCR analysis
(14). ATF3 binds to the ATF/CRE oligonucleotide at baseline
and after treatment but not to the ACM (Fig. 9C), suggesting
that ATF3 regulates CHACI transcription from the ATF/CRE.
No binding at either sequence was observed after probing for
CHOP (data not shown), suggesting that CHOP has indirect
actions on CHACI transcription.

ATF4, ATF3, and CEBPB Are Enriched at the CHACI
Promoter—To confirm ATF4, ATF3, and CEBPB binding to the
human CHACI promoter in vivo, which is consistent with data
from this and other studies (14, 27, 28, 30), ChIP was performed
in HEK293 cells treated with 3 um thapsigargin for 4 h to induce
the ER stress response. We examined enrichment using quan-
titative PCR with primer sets located near the ATF/CRE and
ACM sites (0 kb) or 1 and 3 kb in either direction.

In control cells, ATF4 was not enriched at the CHACI pro-
moter above background (Fig. 104). Induction of ER stress
resulted in increased ATF4 protein expression (Fig. 10D), as
expected, and a significant enrichment of ATF4 near the ATF/
CRE site (Fig. 10A). These data define enhanced ATF4 binding
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at the endogenous human CHACI promoter accompanying
thapsigargin treatment.

ATEF3 enrichment near the ATF/CRE site was observed in
control and thapsigargin-treated cells (Fig. 10B), which did not
accompany an obvious change in ATF3 protein expression (Fig.
10D). These data suggest that ATF3 may regulate basal and ER
stress-induced CHAC1 expression.

Similar to ATF4, CEBP was not significantly enriched at the
CHACI promoter at baseline (Fig. 10C), and enrichment near
the ATF/CRE site increased following ER stress induction (Fig.
10C). We noted a significant increase in the LIP isoform accom-
panying treatment with thapsigargin and slight decreases in
expression of LAP* and LAP that did not reach statistical sig-
nificance (Fig. 10D).These data point to complex possible con-
tributions from various CEBP isoforms in the regulation of
CHACI. These data define enhanced CEBPS binding at the
endogenous CHACI promoter following thapsigargin
treatment.

CHACI Depletes Glutathione—Recent reports have shown
that mouse and yeast CHAC1 homologs directly degrade glu-
tathione in yeast and cell-free models (15, 16). These reports
have also suggested that a conserved glutamate (Glu-115 in
humans) is the catalytic residue. To determine the physiologi-
cal relevance of this activity in a human model, HEK293 cells
were transfected with a CHAC1 expression plasmid, and total
glutathione was measured using the Tietze assay. Overexpres-
sion of CHAC1 led to an 80% reduction in total glutathione (Fig.
11), whereas mutation of the catalytic glutamate to a glutamine
(E115Q) abrogated this activity and returned glutathione levels
to control levels. These data suggest that human CHAC1 does
function to deplete cells of glutathione and requires the con-
served catalytic residue Glu-115.

Discussion

We have shown previously that CHAC1 is functionally linked
to ATF4 using a systems genetics approach (20, 30) and further
validated this with knockdown studies (14). Additionally, pre-
vious work has illustrated the importance of the ATF/CRE in
cell stress and ATF4 action (35, 36). This work validates and
expands on previous data, demonstrating ATF4, ATF3, and
CEBPBregulation of the CHACI promoter and providing three
lines of evidence implicating two regulatory cis-acting ele-
ments: the ATF/CRE and ACM.

The ATF/CRE and ACM bipartite element represents a
novel ATF4-responsive transcriptional unit. The luciferase
reporter assays and selected deletion mutants define the crit-
ical requirement for the ATF/CRE for basal and stress-in-
duced transcription. Parallel experiments using ACM
mutants demonstrated that this element has a secondary role
and potentiates CHACI transcription. A CHACI promoter
construct consisting of only the ATF/CRE, ACM, and TATA
box led to robust activation that was ~50% of the wild-type
construct. The IM-EMSA assay showed interaction of ATF4
with ATF/CRE and ACM in ER stress-induced conditions,
and ATF3 binding was seen at the ATF/CRE in basal and
stress-induced conditions. ChIP demonstrated ATF4, ATF3,
and CEBP enrichment in the vicinity of the ATF/CRE and
ACM of the CHACI promoter. Collectively, these data
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FIGURE 11. CHAC1 overexpression depletes glutathione. HEK293 cells
were transfected with control (pMAX-GFP), CHAC1, or CHAC1-E115Q, a cata-
lytic site mutation, plasmids. Total glutathione was measured by Tietze recy-
cling assay and normalized to total protein. One-way analysis of variance;
Bonferroni post test; #, p < 0.001.

define a predominant contribution from ATF4 at the ATF/
CRE and ACM in the regulation of stress-induced CHACI
expression. ATF3 may primarily modulate basal expression
through the ATF/CRE. CEBP, likely the LAP* isoform, reg-
ulates ER stress-induced CHACI expression via an indepen-
dent site (Fig. 10). Because each of these transcription fac-
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tors act as dimers, further work is needed to refine the
specific protein complexes at each site.

A recent report defined elements responsible for transcrip-
tional activity from the mouse Chacl promoter (28). Several
differences between the mouse and human promoter are evi-
dent. Although the ATF/CRE site appears to be important for
CHACI regulation in both species, the CARE site has a more
important role in the mouse. Mutation or deletion of the CARE
site in the human CHACI promoter led to slight (~15%)
decreases in activity at baseline and after ER stress agonist treat-
ment. In contrast, CARE mutations in the mouse Chacl pro-
moter dramatically reduced basal activity (>80%) and pre-
vented induction by tunicamycin. The role of the ACM site was
not determined in the mouse, but a clear importance for this
element was demonstrated in the human promoter in our
study. The differences between these reports may reflect spe-
cies differences with respect to CHACI regulation. Differences
could also be a result of the cell types studied in these two
reports. The previous report explored Chacl induction in
Neuro2A cells, a mouse neuronal cell line, whereas we explored
CHACI induction in the context of HEK293 cells, a human
embryonic epithelial cell line, and U20S, a human osteoblast
sarcoma cell line.

Although the CHACI1 ATF/CRE and ACM are the main pos-
itive elements for transcription, it is clear that other elements
with regulatory roles exist within the CHACI promoter. For
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FIGURE 12. A model for the transcriptional regulation of CHAC1. A, under
basal conditions, ATF3 with an unknown binding partner regulates CHAC1
transcription from the ATF/CRE. B, induction of the ER stress response leads to
ATF4 binding to the ATF/CRE site with ATF3 and to the ACM with an unknown
binding partner. CEBP is also recruited to the CHACT promoter, increasing
transcription.

example, when the area between —2600 and —729 was deleted,
an apparent increase in activity was observed (Fig. 2), suggest-
ing that a negative transcriptional regulator may be present in
this region. Additionally, the first CCAAT box appears to con-
tribute to regulation because deletion of this region does lead to
a slight depression in activity even when the ATF/CRE and
ACM sites are present (Fig. 6A, Del —234/—170). This
sequence is a probable candidate for CEBPf transcription fac-
tor binding that will be explored in future studies to refine the
role of CEBPS in the regulation of CHACI.

The data that explore a role for ATF3 in the regulation of
CHACI are paradoxical and suggest complex regulation. We
have shown previously that ATF3 knockdown led to the inhi-
bition of ER stress-induced CHAC1 mRNA (14), but the
CHACI luciferase reporter is not induced by ATF3 overexpres-
sion (30). In this work, we noted significant binding of ATF3 to
the CHACI ATF/CRE by IM-EMSA, and ChIP revealed ATF3
enrichment at the CHACI promoter under basal and ER stress
conditions. These data suggest a direct effect of ATF3 necessary
for regulation of CHACI gene expression, but ATF3 alone is
not sufficient for ER stress induction. The data presented here
suggest a model in which ATF3 regulates basal transcription
through the ATFE/CRE site. After ER stress signals facilitate
ATF4 maturation, ATF4 is recruited to the ATF/CRE, and
CEBPg is recruited to another site to increase transcription
(Fig. 12). What remains unclear is the role of the ACM. It is
possible that, under stress conditions, the ACM recruits a sep-
arate ATF4-containing complex that further increases CHAC1
transcription cooperatively with the ATF/CRE. Additionally,
the spacing of the ATF/CRE and ACM sites is similar to the
CARE and NSRE2 motif seen in the ASNS promoter (37). We
intend to further our study of the ATF/CRE and ACM
sequences to define other proteins that regulate CHAC1
expression from these elements. Importantly, the ACM ele-
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ment may be a novel ATF4-responsive target for other genes
within the ER stress pathway.

CHACI1 is a proapoptotic (14) enzyme that degrades gluta-
thione in yeast and cell-free systems (15) and promotes neuro-
genesis through the regulation of Notch (18, 19). Here we dem-
onstrate that CHAC1 overexpression depletes human cells of
glutathione. Because of the role of glutathione in cell cycle pro-
gression and apoptosis (17), an important role for CHACI in
regulating the redox potential, proliferation, and viability of
cells following ER stress is suggested. CHAC1 induction may
induce a biphasic signal, first for cell cycle arrest, allowing the
cell time to adapt to the stress, followed by apoptosis if the
stress is insurmountable. Future work should elucidate this
pathway and may have importance in health and disease
because CHAC1 has been implicated in atherosclerosis (30),
cancer (38 —41), liver metabolism (42), viral infection (43, 44),
and retinal axonal damage (45).

ATF4 has been implicated as an initiator of osteoblast differ-
entiation, and A#f4 knockout mice have defects in bone forma-
tion (10). The A¢f4 knockout model also revealed a role for Atf4
in regulating glucose metabolism because of an effect in the
osteoblast (5). Here we validate the expression of CHACI in an
osteoblast line, U20S, and show a robust transcriptional induc-
tion by ATF4. These data suggest a role for CHACI as a down-
stream target of ATF4 that may play important roles in osteo-
genesis and glucose metabolism.
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